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The research performed under this contract centers around the study and
development of semiconductor microcavity lasers in the GaAs/AlGaAs/InGaAs material
system. In addition, theoretical modeling is developed to study the influence of small
cavities on laser performance. In the course of this work we have developed and studied
bistable vertical-cavity surface-emitting lasers (VCSELS) [1,5,6 of publications below],
fabrication processes to realize low-threshold microcavity lasers [14,19,20], and detailed
modeling describing the influence which the semiconductor microcavity exerts over the
spontaneous emission and lasing characteristics [2-4,7-13,15-17]. I believe that our best
and most interesting results have been achieved in our last year of funding. Since they
build heavily on our earlier two years of research I will focus this final report on these
results achieved in the final year.

involving high sggge chmtu'lsoptoel n'y'l"l:re it m applicaﬁot;;s
involving high- in ectronics. are important ique to the
VCSEL as compared to other forms of semiconductor lasers. 'I‘hcveryshortx\lr’;ty length
(several optical wavelengths long) selects a single longitudinal mode, and the vertical cavity
allows wafer scale testing and easy monolithic integration with other devices. Also, the
vertical cavity gives the potential to minimize both the optical mode volume as well as the
gain volume. This ability to minimize the active volume of the VCSEL suggests that when ‘
optimized, this device structure will provide the lowest threshold current of any
semiconductor laser. A reasonable estimate of the achievable minimum threshold current

for a single 2jum diameter lasing spot is ~101A (current density of ~300A/cm2). Such low
threshold currents point to the potential impact which the VCSEL can make in complex

optoelectronic circuitry requiring a high degree of optical functionality, and to the use of the
VCSELinbmuydﬁv;qapplications.

Our research has sought to make such low values of threshold currents a reality
through studies of the cavity influence on lasing in such microcavities, and in the
development of novel processing techniques to efficiently such small laser structures.
i i play a central role in the VCSEL in ing the lasing mode both
spectrally and transversely, which is different than the longer edge-emitting lasers. Both
our experimental and theoretical studies show the importance of high contrast Bragg
reflectors in reducing the lasing threshold of planar VCSELSs due to lateral optical mode
confinement [18,20]. In direct comparison of phou;gnmped Fabry-Perot microcavities
having either low contrast AlAs/GaAs DBRs or the higher contrast ZnSe/CaF DBRs we
show that the higher contrast ZnSe/CaF materials allow for significant reduction of lasing
threshold (greater than a factor of ten) over the same range of active region dimensions in
which the threshold remains fixed for the AlIAs/GaAs DBRs [18]. We have studied the

t role ofd:ecavixemﬂecminsetﬁngthe transverse mode theoretically also, by
developing the theory of the self-consistent lasing modes in planar microcavities directly
from Maxwell's equations. Our théoretical work has also focused on a fully quantum
mechanical theory of the lasing characteristics of microcavities. A main emphasis of this
work is in understanding how the small cavity affects both the spontaneous emission rate
and the stimulated emission rate into the lasing mode, andwenowhavetheg:rnunnmemy
for spontancous emission into the lasing we believe fully calculated. recent yet
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unpublished theoretical effort in understanding both the stimulated emission dependence
and the lasing mode photon lifetime dependence of the cavity have recently met with
success alﬁ;&l we hope to publish the full quantum theory of such laser structures in this
summer o .

In the course of the three years of imental work on current driven VCSELSs we
have made several demonstrations of VCSEL performance improvements which play an
i t role in our most recent work. One significant achievement is the devel t of
the ZnSe/CaF mirror system. This allows us great flexibility is designing the VCSEL for
low threshold operation. Recently we have combined this mirror system with a new
process for current confinement in a VCSEL [20). The current confinement is based on a
novel native oxide process developed at the University of Illinois in the group of Prof. N.
Holonyak. In this process high Al composition AlGaAs is converted to a native AlxOy
using a "wet" oxidation process. The oxidation is performed in the 450°C to 500°C
temperature range, and proceeds selectively in the AlGaAs relative to GaAs. That is, only
the AlGaAs is oxidized, while the GaAs remains intact. We use the process to form a
novel buried oxide ring contact to the VCSEL. Based on this native oxide process, we
have recently demonstrated VCSELs with continuous wave room temperature threshold

currents of 2251 A on 8jim square active region devices. To our knowledge this is the
lowest threshold current yet achieved anywhere on a VCSEL. We have also demonstrated
smaller device active regions of 4 and 2um, but these have shown some increase in leakage
currents, and accordingly higher thresholds. From our theoretical and experimental studies
on transverse modes in planar microcavities, it would appear that 2jim diameter active
regions should provide adequate optical confinement so tnat threshold currents could scale
with device area. Based on the 225U A for the 8um devices, a threshold current of 14uA

may be speculated for a 2um device.

Our future studies will be in studying the lasing modes in semiconductor
microcavities, both theoretically and experimentally. We expect the native oxide processing
we have demonstrated to play a central role in the experiments. We will continue to focus
on the important role of the Bragg reflecting mirrors, and ways to further increase contrast
ratios over that presently used.

Accesion For N
NTIS CRA& Vv

DTIC T7TAB
Unanneunced
Justification

By A RS 325

Distribution|

Availabuiity  Lotes

Avail rcojor
Dist S;-al

Al |




MICROELECTRONICS RESEARCH CENTER
THE UNIVERSITY OF TEXAS AT AUSTIN

BRC/MER 1.606/79900 « Axstin, Texas 78712 Bureau of Engineering Research
Tel.(512)471-4493FAX:(512)471-8575

June 9, 1994

Defense Technical Information Center
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Dear Sir,

Please find enclosed the reporting information for the ONR contract No. N00014-
91-J-1952. Enclosed is a letter report and publication report for the period of May 31,
1991 through June 1, 1994 and a latest preprint to be published in Applied Physics Letters
in July of 1994 describing our latest experimental results on semiconductor vertical-cavity
lasers. Also included is a report for the last year of funding from May 31, 1993 through
June 1, 1994. If I can supply more information on the work performed under this contract
please let me know. The ONR support of our work in this time period has been crucial to
our accomplishments in the area of semiconductor lasers.

Best regards,
Dennis Deppe
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. Mvo-oxldo defined ring contact for low threshold vertical-cavity lasers

D. L Huftaker, D. G. Deppe, and K. Kumar

Microelectronics Research Center, Department of Electrical and Computer Engineering, The University of

Texas at Austin, Austin, Texas 78712-1084
T

Martin Marienta Laboratories-Syracuse, Syracuse, New York 13121
(Received 4 February 1994; accepted for publication 1 April 1994)

Data are presented characterizing a new process for fabrication of vertical-cavity surface-emitting
lasers based on the selective conversion of high Al composition epitaxial AIGaAs to a stable native
oxide using “wet oxidation.” The native oxide is used to form a ring contact to the laser active
region. The resulting laser active regions have dimensions of 8, 4, and 2 um. The lowest threshold
laser is achieved with the 8-um active region, with a minimum threshold current of 225-uA

continuous wave at room temperature,

It is well appreciated that high Al composition single-
crystal AlGaAs is chemically unstable in the typical room-
temperature atmospberic environment, and ‘“hydrolyzes”
into various oxides in times ranging from mimutes to months
or years.! This chemical instability can be deleterious to the
performance of semiconductor devices which use the Al-
GaAs material. On the other hand, Holonyak and a variety of
co-workers have developed a process whereby at elevated
temperatures the chemical .instability of high Al composition
AlGaAs leads to the conversion of this material to stable
“native” oxides of ALO, .- An advantage of the oxidation
+ process for OI-V that the high Al composition
rAlGaAsmaybeselecuv*mduedueompuedwlower
Al AlGaAs, especially as compared to GaAs.
¥y This makes it possible to “bury” the oxidized
layers, using lateral diffusion, below single-crystal GaAs
layers.>~* We use this characteristic to form a ring contact to
a vertical-cavity surface-emitting laser (VCSEL).

One of the attractive features about the VCSEL is its
potential for low lasing threshold. This potential stems di-
rectly from the ability to minimize the active volume using
the shost, low-loss vertical cavity. The potential for low
threshold current, along with single spectral mode lasing,
makes the VCSEL an important device to consider for inte-
grated optoelectronic applications. Earlier work has aiready
been reported in which submilliampere threshold currents

were achieved’” and more recently room: con-
tinuous wave (cw) thresholds as low as 470 uA have been
reported.® In this letter we report even lower threshold cur-
rents for devices which utilize the native-oxide process, with
a minimum threshold current of 225 uA demonstrated for an
8-um square device.

Figure 1 shows a schematic cross section representing
the epitaxial layers of the VCSEL after oxidation. The epi-
taxial structure is grown on a GaAs substrate by molecular
beam epitaxy (MBE) and consists of a 0.5-um n-type GaAs
buffer layer followed by a 26 pair, n-type AlAs/GaAs
quaster-wave distributed Bragg reflector, an active region
cunisthlgofthneso-A Ing;GaggAs quantum wells sepa-
rated by 100-A GaAs barriers in a one-wavelength-thick
GaAs spacer layer, and followed by one pair of quarter-

Agpl. Phys. Leit. 64 (23), 8 June 1904
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wavelength layers of p-type AlAs/GaAs. A seven-period
graded superlattice is used on both sides of the AlAs layers
immediately surrounding the active region, which is effective
in reducing the electrical series resistance.

After the MBE growth of the heterostructure, the lasers
are fabricated by first defining 30- or 60-um-diam photore-
sist dots on the p-type GaAs surface.
GaAs layer is then selectively removed to form shallow
GaAs mesas using a succinic acid solution maintained at a
temperature of 50 °C with the pH adjusted to 4.3.° After
removing the photoresist from the GaAs mesas, the exposed
AlAs layer is oxidized in a furnace set at 475 °C. The oxi-
daﬁonnmcis~3mm.Asdesmbedmthenmmlpaperson
the hydrolyzation process,>3 the furnace is supplied with a
flow of N; bubbled through de-ionized water heated to a
temperature of 95 °C. The oxidation of the AlAs layer pro-
ceeds laterally beneath the GaAs mesas due to diffusion.
This buried oxide layer then defines s current path for carrier
injection through the remaining intact p-type AlAs into the
laser active region (see Fig. 1).

Figure 2 shows a scanning electron microscope photo-
graph looking down at the top surface of the epitaxial struc-
ture after oxidation. The buried oxide shown in Fig. 2 forms
a 4 umX4 um square region which serves as the current
injection path. The square pattern formed by oxidation is
indicative that the process has a crystallographic preference.
From our studies of other heterostructures we have found
that the resulting square geometry due to the oxidation is
directly attributable to the graded superlattice layers grown

g

FIG. 1. Schematic cross section (not 10 scale) of the buried ring coatact
VCSEL structure showing the role of the lateral oxidation of the AlAs un-
dementh the GaAs mess in defining the device active region.

© 1994 American institute of Physics 1

TV ——

exposed p-type «&—




FIG. 2. Scanning electron microscope photograph of a native-oxide defined
4-um square AlAs region buried beneath a 30-um-diam GaAs mesa. The
oxide layer surrounding and beneath the GaAs mesa provides device isola-
tion for current injection.

_ during MBE between the GaAs and AlAs. A circular dot
shape results even for submicron dimensions for the lateral
oxidation of very similar heterostructures in which the
graded interfaces are absent,

The 30-um GaAs mesas are defined with 500-,2m spac-
ings, and electrical isolation between the laser devices is also
provided by the exposed Al,O, layer. Electrical contact is
made to the p-type GaAs surface and exposed Al,O, using
Cr/Au metallization. The active areas of the laser are ex-
posed using a lift-off process to remove metallization, form-
ing a 10-um-diam opening above the active region. The lift-
off leaves 100 um X400 um rectangular contact pads around
each device aligned on the 500 um X500 um grid. The top
reflectors,which are an additional five pairs of quarter-wave
ZnSe/CaF, layers, are then deposited on the p side using
elecoon-beam evaporation. The ZnSe/CaF, materials have
been shown to form high reflectivity, low-loss mirrors,’®!!
and possess advantages over the lower contrast AIAs/GaAs
mirrors. Two advantages are the flexibility of probe wave-
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FIG. 3. Light vs carrent curve measured ¢w at room temperatre for an
S-um square VCSEL. The inset shows messured far-field radistion patterns
t current levels of (2) 280 uA (dashed curve) and (b) 1.0 mA (solid curve).
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FIG. 4. Light vs current curve measured cw at room temperature for a $-um
square VCSEL. The inset shows measured far-field radiation patterns at
current levels of (a) 400 pA (dashed curve) and (b) 2.0 mA (solid curve).

lengths in optical addressing schemes,'>!? and the reduction
of the lateral mode for small active volume lasers.'*
Figures 3 through 5 show the light versus current char-
acteristics and far-field radiation patterns for the native-oxide
defined lasers with active regions of 8-, 4-, and 2-um
squares, respectively. The lowest threshold currents are
achieved for 8-um square devices, with a minimum cw
threshold of 225 ;A along with an output power of 0.46 mW
at six times threshold (Fig. 3). The far-field radiation patten
remains a stable single lobe up to two times threshold, at
which point side lobes appear. Also shown in Fig. 3 is the
far-field radiation pattern at four -
side lobes evident. .
Despite the low threshold current achieved in the 8-zm
device, there is some leakage current due to the oxidation °,
process which degrades the p-n junction. We speculate that
this leakage current is stress induced by the oxide, and the
problem becomes more severe for smaller device sizes. This
leakage current is at least partly responsible for the increased
threshold currents measured for the smaller active regions of
4 um (Fig. 4) and 2 pm (Fig. 5). Comparison of the current-
voltage characteristics on the three different device sizes
show increasing forward current for a given voltage as the
device diameter is decreased (data not shown). We have

Ring Contact VCSEL
2um Square

CW 300K

50 b )

y=2.9mA

25 0 25
® Angle (degrees)

0 A
0.0 5.0 10.0
Current (mA)

FIG. 5. Light vs current curve measured cw at r00m temperature for a 2-um
VCSEL. The inset shows measured far-field radiation pamerns at
current levels of (a) 3.0 mA (dashed curve) and (b) 10 mA (solid curve).

Huffaker st al.

times threshold with the




found that the leakage current through the oxide is negli-
gible, and again speculate that the leakage current arises due
to minority carrier recombination at the oxide-semiconductor
interfaces. If this leakage current is controlled, we expect
threshold currents to scale with decreasing active area at
least to the 4-um dimension. An estimate of the lasing mode
diameter from the threshold far-field radiation patterns sug-
gests that the lasing mode is on the order of ~3-4 um
diameter in both the 8- and 4-.m devices, and therefore is
well confined. In the smaller area devices the lasing mode is
more stable, and remains single lobed up to four times
threshold for the 4-um square, at which point side lobes
appear (see Fig. 4). The radiation pattern of the 2-um square
device, Fig. 5, shows an increased angular width due to the
reduced active region, and remains single lobed over the
range of measurement.

An inberent problem in VCSEL designs in which the
bole current must pass through p-type semiconductor Bragg
reflectors is high electrical series resistance. While there bas
been progress in reducing the mirror resistance through
graded heterojunctions and localized doping, as the device
dimensions continue to scale smaller this resistance problem
will become more severe. An advantage of the buried native
oxide in forming the ring contact to the VCSEL is that the
hole current must pass through only one p-type heterojunc-
tion before injection into the active region. The 8-um native-
oxide defined laser, which shows little leakage current, has a
threshold voltage drop of 1.9 V, with a voltage drop of 29 V
at four times threshold.

In summary, we have presented a new process for the
fabrication of VCSELs based on a native-oxide defined ring
contact. Using this process we have demonstrated a low cw
room-temperature lasing threshold of 225 uA. Since the
native-oxide process is nearly planar, provides good electri-
cal isolation, and does not require complex epitaxial re-
growth, it should be useful for integrated optoelectronic cir-

Agpl, Phiys. Leit., Voi. 84, No. 23, 6 June 1994

cuits incorporating the VCSEL as well as for the discrete
laser diodes demonstrated here.

The authors acknowledge useful conversations with N.
Holonyak, Jr. concerning the oxidation of AlGaAs, and are
also grateful to J. Sarathy and J. C. Campbell for assistance
during this work. TIR acknowledges useful conversations
with L. F. Lester. The work at the University of Texas at
Austin has been supported by the Office of Naval Research
under Contract No. N-0014-91-J-1952, the Joint Services
Electronics Program under Contract No. F49620-92-C-0027,
and the Texas Advanced Technology Program under Contract
No. TP-024.
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